ABSTRACT. Complete mitochondrial DNA sequences have been used successfully to estimate phylogenetic relationships among animal taxa, and for studies of population genetics and molecular evolution. We made phylogenetic analyses of 22 species of Galliformes, with two species of Anseriformes as outgroups, using maximum likelihood (ML), maximum parsimony (MP) and Bayesian inference (BI) methods based on the nucleotide dataset and the corresponding amino acid dataset of 13 concatenated protein-coding genes. The consensus phylogenetic trees supported monophyly of Galliformes, Phasianidae (nucleotide and amino acid: posterior probabilities 1.00 in BI, bootstrap value >99% in ML and MP), Coturnicinae, and Gallininae (nucleotide and amino acid: posterior probabilities 1.00 in BI, bootstrap value >85% in ML and MP), but failed to demonstrate monophyly of Pavoninae and Phasianinae. Our results also support a sister-group relationship between megapodes and all other galliforms. We found that Arborophilinae is basal to the balance of the Phasianidae. Moreover, we suggest that the turkey should be classified in the Phasianinae of Phasianidae. Although the relationships among the various lineages of the Galliformes remain controversial, these results should be useful for further study.
INTRODUCTION
The avian order Galliformes, comprising the landfowl or gallinaceous birds, is one of the most important groups of birds both for human society and research (Van Tuinen and Dyke, 2004) . There are 281 currently recognized species of gamebirds within the order Galliformes divided among 81 genera (Sibley and Monroe, 1990; del Hoyo et al., 1994; Hockey et al., 2005) . Although the order Galliformes is well defined, taxonomic relationships are less clear within the group, due to the low variability in anatomical and osteological traits (Kimball et al., 1999) . Wetmore (1960) split the Galliformes into two super-families: 1) the Cracoidea, including two families, Megapodiidae and Cracidae, and 2) the Phasianoidea, including four families, Tetraonidae, Phasianidae, Numididae, and Meleagrididae. Immunological distance data on ovalbumins indicated that Opisthocomus was closer to galliforms than to cuculiforms, so Cracraft (1981) retained the family Opisthocomidae in the Galliformes. Moreover, based on cladistic interpretations of morphological and behavioral characters, Crowe (1988) concluded that cracids were sister to the balance of the phasianoids and not the megapodes, which they placed as basal within the order. A well-accepted classification of the order Galliformes recognizes seven families: Megapodiidae (mound builders, brush turkeys, and allies), Cracidae (curassows, guans, and chachalacas), Odontophoridae (New World quails), Numididae (guineafowl), Phasianidae (pheasants, partridges, Old World quails, and allies), Meleagrididae (turkeys), and Tetraonidae (grouse and allies) (del Hoyo et al., 1994) . However, molecular data, albeit at this point poorly resolved, suggest instead a derived position for turkeys within Galliformes (Sibley and Ahlquist, 1990; Kimball et al., 1999) . A series of studies also suggested that the New World quails and the Old World quails might form a natural group (Sibley and Ahlquist, 1990; Dimcheff et al., 2002; Dyke et al., 2003) . Based on the combined evidence from phylogenetic analyses, Crowe et al. (2006) put forward a tentative revised classification of the Galliformes. In this classification, the order Galliformes recognizes five families (Megapodiidae, Cracidae, Numididae, Odontophoridae, and Phasianidae) and the family Phasianidae includes seven subfamilies (Arborophilinae, Coturnicinae, Pavoninae, Gallininae, Meleagridinae, Tetraoninae, and Phasianinae).
The mitochondrial genome of vertebrates is a small, circular molecule of 15-20 kb, with a compact and conserved organization in most, but not all, of the studied species (Wolstenholme, 1992) . It contains 37 genes: 13 protein-coding genes, 22 transfer RNA genes (tRNAs) and two ribosomal RNA genes (rRNAs), and the control region (D-loop), which controls the initiation of replication and transcription of animal mitochondrial DNA (mtDNA). Because their structures were relatively simple and mutation rates were higher than nuclear DNA, the mtDNA sequences were used frequently to estimate phylogenetic relationships among animal taxa, population genetics and molecular evolution. In recent years, the sequences of mtDNA have been determined at an increasing pace. Today, 109 avian mitochondrial genomes are now available in GenBank/EMBL/DDBJ. Within Galliformes, about 22 mitochondrial genomes from three major lineages of galliform birds (Megapodiidae, Numididae, and Phasianidae) have been sequenced, and the most recent record is Cabot's Tragopan, Tragopan caboti, which was determined by our research group (Kan et al., 2010) .
In this study, we present phylogenetic analyses based upon the complete mitochondrial genomes of Galliformes retrieved from GenBank. We used the molecular data to examine hypotheses of the evolution of the three major lineages of Galliformes, focusing on evolutionary relationships: 1) within and among subfamilies of Phasianidae and 2) among Phasianidae, Megapodiidae, and Numididae.
MATERIAL AND METHODS

Material
Along with the complete mtDNA sequences of T. caboti from our research group (Kan et al., 2010) , all 21 currently available complete mitochondrial sequences of Galliformes retrieved from GenBank were used in phylogenetic analysis (Table 1) . Two species from Anseriformes (Anas platyrhynchos, EU009397; Branta canadensis, DQ019124) were designated as outgroups. 
Phylogenetic analysis
The nucleotide and putative amino acid regions for each of the 13 mitochondrial protein-coding genes were aligned using the default parameters of CLUSTALX version 2.0.10 (Larkin et al., 2007) . To select conserved regions of the putative amino acids, each alignment was analyzed with the Gblocks 0.91b program (Talavera and Castresana, 2007) . We concatenated the alignments of 13 mitochondrial protein-coding genes and recovered an alignment consisting of 3795 amino acid residues. An alignment of 11,409 nucleotides was obtained using the amino acid alignment as the backbone. A substitution saturation analysis (Xia et al., 2003) was performed for subsets with the first, second and third codon positions using DAMBE 4.1.19 (Xia and Xie, 2001 ). According to the results, none of the substitutions from three codon positions were saturated.
The best fitting model for the nucleotide dataset was performed with jModelTest version 0.1.1 (Posada, 2008) . The model of GTR+I+G was chosen for the likelihood and Bayesian analyses. Model selection for the amino acid dataset was performed with ProtTest version 2.4 (Abascal et al., 2005) , and under the Akaike information criterion, the model MtREV+I+G+F fit best.
Maximum likelihood (ML) analysis of nucleotide and amino acid datasets was performed with PHYML (Guindon and Gascuel, 2003) online using the Montpellier bioinformatics platform (www.atgc-montpellier.fr/phyml) with 500 bootstrap replicates, and using GTR and MtREV models, respectively.
Maximum parsimony (MP) analysis of nucleotide and amino acid datasets was performed with PAUP version 4.0b10 (Swofford, 2002) . All character states were specified as unordered and equally weighted with indels as missing data. A heuristic search was implemented with 100 random addition sequence replicates, tree bisection-reconnection branch swapping, the MULTREES option, and a maximum of 1000 trees saved per round. To evaluate relative robustness of the clades found in the most parsimonious trees, the bootstrap analysis (Felsenstein, 1985) employed 1000 replicates using the same heuristic search settings except that a maximum of 100 trees were saved per round.
Bayesian inference (BI) analysis of nucleotide and amino acid datasets was performed with MrBays 3.1.2 (Huelsenbeck and Ronquist, 2001 ), using GTR and MtREV models, respectively. Four Markov chains were run for 1,000,000 generations (sampling every 100 generations) to allow adequate time for convergence. After the first 2500 trees (25%) were discarded as burn-in, the remaining 7500 sampled trees were used to estimate the 50% majority rule consensus tree and the Bayesian posterior probabilities. All MCMC runs were repeated twice to confirm consistent approximation of the posterior parameter distributions.
RESULTS
The BI, MP and ML phylogenetic trees, which are based on the nucleotide dataset and the corresponding amino acid dataset of 13 protein-coding genes, have similar topology. The unique difference of topologies from two datasets was the phylogenetic relationships among Symaticus reevesii, S. soemmerringii and (S. humiae + S. ellioti). The phylogenetic trees are shown in Figures 1 and 2 . The monophyly of Galliformes and Phasianidae were well supported (nucleotide and amino acid: posterior probabilities 1.00 in BI, bootstrap value >99% in ML and MP). Alectura lathami (Megapodiidae) is found as a sister group to all other Galliformes (nucleotide and amino acid: posterior probabilities 1.00 in BI, bootstrap value 100% in ML and MP). Numida meleagris (Numididae) is the sister group to Phasianidae (nucleotide and amino acid: posterior probabilities 1.00 in BI, bootstrap value 100% in ML and MP). Arborophila rufipectus (Arborophilinae) was basal to the balance of Phasianidae. The monophyly of subfamilies of Coturnicinae (Coturnix japonica + C. chinensis) and Gallininae [Francolinus pintadeanus + (Bambusicola thoracica + Gallus)] was also well supported by nucleotide and amino acid datasets (nucleotide and amino acid: posterior probabilities 1.00 in BI, bootstrap value >85% in ML and MP). Analyses failed to recover the monophyly of Pavoninae and Phasianinae. Meleagris gallopavo (Meleagridinae) was embedded in the Phasianinae, and T. caboti was given a basal phylogenetic position within (Phasianinae + Meleagridinae). ML and BI trees based on both datasets moderately or highly support the topologies of [Coturnicinae + (Pavoninae + Gallininae + Phasianinae + Meleagridinae)], [(Pavoninae + Gallininae) + (Phasianinae + Meleagridinae)], and [Meleagridinae + ((Phasianus + Lophura) + Syrmaticus)]; however, the MP trees do not support these clades. Phylogenetic tree of the relationships among Galliformes based on the amino acid dataset of the 13 mitochondrial protein-coding genes. Anas platyrhynchos and Branta canadensis served as outgroups. Branch lengths and topologies came from the maximum likelihood analyses. Numbers beside the nodes specify bootstrap percentages from maximum likelihood (500 replicates) and maximum parsimony (1000 replicates), and posterior probabilities from Bayesian inference. Less than 50% bootstrap values were omitted. *Demonstrates that maximum parsimony analysis does not support this branch.
DISCUSSION
The Galloanserae is a monophyletic group containing 442 species and 129 genera of Anseriformes (waterfowl) and Galliformes (gamefowl) (Pereira and Baker, 2009 ). The close relationship of these two orders is well supported (Livezey and Zusi, 2007) . So, in our phylogenetic analyses, we employed two species from Anseriformes as outgroups. Although Galliformes itself is widely regarded as a monophyletic group (Dyke et al., 2003) , the relationships among the various lineages of the Galliformes are still controversial, exhibiting low levels of support or differences among studies (Kimball et al., 1999; Crowe et al., 2006) . The inclusion of complete mitochondrial genomes in this study resulted in phylogeny that was partly resolved with well-supported nodes.
The first controversy is whether megapodes are the sister group of all other galliforms. The monophyly of the family Megapodiidae, which includes seven genera and 22 species, has never been seriously questioned (Birks and Edwards, 2002) . However, on the phylogenetic position of the megapodes within the galliforms, several theories exist as follows: 1) Megapodes + cracids are the sister group of all other galliforms (Peters, 1934; Sibley et al., 1988) ; 2) Megapodes + cracids + guineafowl are the sister group of all other galliforms (Rich and van Tets, 1985) ; 3) Megapodes are the sister group of all other galliforms (Cracraft, 1981; Brom and Dekker, 1992; Dyke et al., 2003) . Our results support a sister-group relationship between megapodes and all other galliforms.
The second controversy is whether Phasianinae is a monophyly lineage and on the phylogenetic position of the turkey (M. gallopavo) in Galliformes. In traditional classifications, the turkey was grouped in Meleagridinae of Meleagrididae, which was separated from the Phasianidae (del Hoyo et al., 1994) , whereas molecular sequence analysis supported a position of Meleagridinae deeply embedded in a clade including the other Phasianidae species (Sibley and Ahlquist, 1990; Crowe et al., 2006) . Our results indicated that M. gallopavo (Meleagridinae) was embedded not only in the Phasianidae, but also in the Phasianinae, and the subfamily Phasianinae was not a monophyly group. Based on mitochondrial genome, He et al. (2009) suggested that the turkey should be classified in the Phasianidae. However, taxon sampling was too limited in He et al.'s study to determine the limits of this group. Here, 20 species of Phasianidae were sampled in this study, and our results may further suggest that the turkey should be classified in the Phasianinae of Phasianidae. The relationship between the turkey and Phasianinae will require more data to resolve fully.
The third controversy is on the relationships among Syrmaticus, Lophura, and Phasianus. He et al. (2009) found that Phasianus showed a closer relationship with Lophura than Syrmaticus, whereas Kimball et al. (1999) suggested that Phasianus was closer to Syrmaticus than Lophura. Our results strongly support He et al.'s opinion (nucleotide and amino acid: posterior probabilities 1.00 in BI, bootstrap value >96% in ML and MP).
The difficulty of resolving the branching order among the major galliform lineages suggests that these birds underwent a relatively rapid radiation (Kimball et al., 1999) . Complete mitochondrial genomes have been used successfully to infer phylogenetic relationships and have been shown to recover model trees more accurately than shorter sequences (Cummings et al., 1995) . Our results indicate that the evolution of the galliforms is complex and suggest that it will require additional taxa and more mitochondrial genome data.
